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1.0  Introduction 


Hot  Isostatically  Pressed  (HIP)  silicon  nitrides  have  the  best  high 
temperature  fatigue  life  among  silicon  nitrides  densified  by  atmosphenc 
sintering,  gas  pressure  sintering  (GPS)  and  HIPing.  While  the  high 
temperature  properties  are  exceptional,  the  HIP  materials  have  toughnesses 
that  are  not  comparable  to  some  GPS  silicon  nitrides  HIP  sUicon  nitride 
toughness  is  independent  of  crack  length.  The  toughness  of  HIP  silicon 
nitrides  ranges  from  5.0  to  6.5  MPa  m^^2  Developing  a  HIP  silicon  nitride 
with  R-curve  behavior  offering  improved  resistance  to  machining  damage 
and  foreign  impact  damage  would  be  very  beneficial  The  objective  of  this 
two  year  program  was  the  development  of  a  HIP  silicon  nitnde  wath  a 
toughness  of  10  MPa  m^^^  The  pjIP  siUcon  nitnde  should  have  4w/o  yttna 
or  the  equivalent  of  another  rare  earth. 

SUicon  nitrides  exhibiting  R-curve  appear  to  have  common 
charactenstics.  There  is  a  small  fraction  of  grains  that  have  a  thickness 
greater  than  1  micron  with  a  high  aspect  ratio  Several  studies  have 
correlated  toughness  to  the  frequency  of  these  coarse  grains  ’  ~  *  .\  recent 
review  shows  that  the  toughening  contnbution  associated  with  large 
diameter  elongated  grains  is  proportional  to  the  grain  chameter  '  Deptuiding 
on  the  finiU  grain  size  distnbution.  the.se  matenals  can  exhibit  high 
toughness  with  high  strength  or  high  toughness  with  moderate  strength 
Typically,  these  high  toughness  silicon  nitrides  are  densified  with  GPS 
Several  factors  dunng  GPS  densification  enable  the  formation  of  the  high 
aspect  ratio  grams.  The  rate  of  gram  growth  m  diffusion  controlled 
mechanisms  is  shown  by  : 

-dr/dt  =  D  (dc/x) 

where  D,  dc,  and  x  are,  respectively,  the  diffusion  coefficient  of  materi.Us  at 
gram  boundanes,  the  difference  in  the  solubility  between  giownng  and 
di.ssolvang  grams,  and  the  mean  separation  of  two  grams  The  GPS  silicon 
nitrides  complete  phase  transformation  at  the  intermediate  stages  of 
sintering,  dunng  which  time  (3  silicon  nitnde  growth  and  pore  elimination 
occur  together.  The  nucleation  of  large  [1  gr.'uns  is  observed  at  this  stage  ' 
The  high  aspect  ratio  that  develops  from  a  powders  dunng  sintenng  suggi'sts 
that  abnormiU  gram  growth  occurs  when  dc  is  greater  than  a  (  ritu  al  \  ahuv 
The  factors  that  affect  dc  are  size  difference,  morphology  and  phase.  These 
are  dependent  on  temperature.  Usually,  a  portion  of  the  GPS  cycle  is  at 
temperatures  greater  than  1850°C.  These  conditions  favor  secondary  gram 
growth  of  the  large  p  nuclei.  Abnormal  grain  growth  was  obser\  ed  at  high 
temperatures  greater  than  1900'’C.^  * 

In  contrast,  HIP  silicon  nitndes  have  fine  grained  microstuctures 
resulting  in  a  crack  length  independent  toughness  t\  recent  paper  by 
Sordlett  ’  showed  the  rapid  densification  of  HIP  .silicon  nitride  at 
temperatures  of  1825^0.  The  silicon  nitnde  reaches  den.sities  greater  than 


90%  in  15  minutes.  Little  grain  growth  has  occurred,  and  much  of  the 
microstructure  development  takes  place  in  a  final  densification  stage.  The 
opportunity  for  the  formation  of  large  beta  nuclei  is  not  available  with  the 
current  HIP  process.  In  addition,  the  temperatures  may  not  be  sufficient  for 
secondary  grain  growth. 

During  the  first  year  of  this  contract,  a  number  of  approaches  were 
screened.  The  approaches  evaluated  included  seeding,  rare  earth  type,  liquid 
composition,  sintering  time  and  sintering  temperature.  The  different 
techniques  all  attempted  to  encourage  the  formation  of  beta  nuclei,or  to 
induce  secondary  grain  growth.  The  objective  was  to  develop  a 
microstructure  that  included  grains  greater  than  1  micron  in  thickness  with 
modest  aspect  ratios.  HIP  silicon  nitride  with  R-curve  approaching  the 
contract  goals  was  demonstrated. 

2.0  Experimental  Procedure 

2. 1  iNsiTU  Seeding 

Two  seeding  approaches  were  evaluated.  In  the  first,  regions  with 
dissimilar  melting  points  were  created.  The  regions  that  formed  the  earliest 
liquid  provided  opportunity  for  preferred  growth  of  the  silicon  nitride  grains. 
The  second  approach  introduced  P-Si3N4  seeds  into  the  high  a  Si3N4  powder. 
The  processing  was  significantly  different  for  the  two  techniques. 

Regions  with  dissimilar  melting  points  were  created  by  changing  the 
rare  earth  additive  composition  within  the  green  body.  The  melting  point 
was  lowered  by  introducing  agglomerates  composed  of  a  rare  earth  binary 
eutectic  within  a  matrix  that  had  a  single  rare  earth  as  the  densification 
additive.  The  agglomerates  were  formed  by  spray  drying  the  powders. 

Before  spray  drying,  the  powders  were  milled  for  15  hours  in  water  at  50% 
solids.  The  milling  media  was  urethane  or  nylon  coated  steel  balls.  A  3% 
carbowax  plus  0.5%  PVA  binder  was  mixed  into  the  slip.  The  slip  was  then 
spray  dried.  Two  types  of  agglomerate  compositions  were  formed.  One  type 
was  the  eutectic  mixture  of  erbia  disilicate-yttria  disilicate.  The  .second  was 
a  mixture  of  silicon  nitride  and  the  erbia  disilicate-yttria  disilicate  eutectic. 
The  total  rare  earth  content  in  the  .second  type  was  0.0177  moles.  The  spr.ay 
dried  agglomerates  composed  of  rare  earths  and  silica  were  air  fin'd  between 
700°C  and  1300°C.  The  agglomerates  were  air  fired  between  nOO^C  and 
900°C  if  the  composition  included  silicon  nitride.  Calcining  the  screened 
agglomerates  prevented  their  breakdown  during  the  subsequent  forming 
process.  Two  size  classifications  were  prepared  by  .screening  the  air  fired 
agglomerates.  The  spray  dry  agglomerates  were  screened  to  size  fractions  of 
-100/+200  and  -325  mesh.  The  agglomerates  were  dispersed  in  a  powder  with 
the  composition  of  94w/o  silicon  nitride-4w/o  yttria-2w/o  silica  The  tile 
were  prepared  by  slip  casting.  The  agglomerate  size  fraction  and  weight 
percent  added  is  shown  in  Table  1.  The  tile  were  then  heat  treated  at  17()()°(’ 
for  30  minutes  or  1700°C  for  90  minutes  to  allow  beta  silicon  nitride  grain 


Table  1.  Agglomerate  types  added  to  silicon  nitride  with  4%  vttria. 


Batch  ID 


DSlOO 

SN325 

SNIOO 

DS325 


Er-Y  disilicate  eutectic 
Si3N4  with  Er-Y  disilicate  eutectic 
Si3N4  with  Er-Y  disilicate  eutectic 
Er-Y  disilicate  eutectic 


Size 


100/200 

325 

100/200 

325 


growth  in  the  agglomerates.  This  temperature  is  above  the  erbia-yttria 
disilicate  eutectic,  but  below  the  yttria  disilicate  melting  point.  After  the 
heat  treatment,  the  tile  were  HIPed  to  full  density. 

The  other  seeding  approach  used  p-Si3N4  particles  as  seeds.  The  p- 
Si3N4  seeds  were  fabricated  by  heating  silicon  nitride  powder  with  2%  of  the 
rare  earth  to  1840°C  under  300  psi  of  nitrogen  for  4  hours.  The  seeds  were 
then  milled  for  24  hours  and  dried.  The  milled  seeds  were  added  to  standard 
compositions.  These  were  milled  for  15  hours  in  water  and  spray  dried.  Tile 
were  pressed  and  isopressed  at  30  ksi.  The  tile  were  air  fired  at  600°C  for  2 
hours  to  remove  the  binder.  The  tile  were  then  ready  for  densification 
treatments. 

2.2  COMPOSITtO.N 

The  effect  of  the  rare  earth  to  silica  ratio  on  the  mechanical  properties 
were  studied.  The  rare  earth  to  silica  molar  ratio  was  varied  in  the  range  of 
0.3  to  0.1.  The  rare  earth  was  either  yttria  or  the  combination  of  yttorbia  • 
samaria.  In  addition,  the  effect  of  binary  rare  earths  on  the  toughness  and 
microstructure  were  studied.  These  rare  earth  systems  are  shown  in  Table  2. 
The  rare  earth  content  is  0.0177  moles  per  100  grams  of  powder,  which  is 
equivalent  to  4w/o  yttria. 

The  silicon  nitride,  rare  earths  and  silica  were  milled  for  15  hours  at 
60%  solids  in  water.  The  milling  media  was  polyurethane  or  nylon  coated 
steel  balls.  The  mixes  were  screened  through  a  20  micron  filter,  then  spray 
dried.  Three  inch  square  tile  were  prepared  from  these  batches  by  ClPing  at 
30  ksi.  The  tile  were  air  fired  to  remove  the  binder  prior  to  HlPing. 

Table  2.  Rare  earth  additive  composition.s.(w/o) 


Er203 

La203 

Sm203 

'l'b2()3 

Nd20.3 

V2(4:i 

Si()2 

Er50YS 

3.41 

1.97 

2.13 

Er59YS 

4.00 

1. 64 

2  13 

LadOYbS 

2.31 

4.19 

2  13 

La3.5YS 

2.02 

2.6 

2  13 

Nd50YbS 

3  49 

2  98 

2.13 

N'd50Y 

2.00 

2.98 

SmTiS 

3  09 

3  49 

2  13 

.SmYb 

3.09 

3  49 

Er50SmS 

3  44 

3.08 

2.13 

Er.Sm 

Nd\'b 

3.44 

308 

3.49 

2.98 

I 
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2.3  Mechanical  Testing 

All  strength  testing  was  done  on  a  4-point  quarter-point  fixture  with 
an  outer  span  of  40  mm.  Toughness  was  determined  by  the  indentation 
fracture  method.  The  flexure  bar  size  was  3  mm  x  4  mm  x  50  mm,  or  3  mm  x 
4mm  X  25mm.  Fracture  toughness  was  determined  by  the  indentation- 
strength  technique.  The  indent  load  was  10  kg.  Unless  specifically  noted  in 
the  document  all  toughness  results  are  from  the  above  test  technique.  The 
presence  of  R-curve  behavior  was  determined  by  the  dependence  of  strength 
on  indent  load.  The  indent  load  range  was  2.5  to  50  kilograms. 

Compressive  creep  specimens  were  6.7  mm  x  25.4  mm  cylinders.  The 
cylinders  were  loaded  between  SiC  rods.  Four  silicon  nitride  flags  were 
cantilevered  on  the  cylinders.  The  distance  between  these  flags  was 
measured  by  a  non-contact  laser  extensometer  system.  2  4  Microstructure 
Analysis 

2.4  Microstructur-al  Analysis 

The  microstructural  analysis  was  done  by  polishing  and  then  etching 
the  samples  in  molten  KOH.  Micrographs  were  taken  at  2.5  KX,  51vX  and  10 
KX.  Gram  thickness  was  measured  by  drawing  four  to  sLx  lines  across  the 
micrographs.  The  shortest  dimension  of  any  hexagonal  or  rectangular 
shaped  grains  intercepted  by  the  lines  was  measured.  The  aspect  ratio  was 
estimated  from  2.5X  micrographs.  Four  lines  were  drawn  across  the 
micrographs.  The  thickness  and  length  were  recorded  for  each  rectangular 
grain  touching  a  line.  This  resulted  in  an  estimate  of  the  apparent  aspect 
ratio  distribution. 

3.0  Results  and  Discussion 

3. 1 INSITU  Seeding 

3.1.1  Agglomerates  -  Neither  agglomerate  type  increased  the  gram 
aspect  ratio,  and  the  presence  of  the  agglomerates  reduced  the  fracture 
toughness  of  HIPed  silicon  nitride.  The  fracture  toughness  data  is 

Table  .'5.  Toughness  summary  for  HIP  silicon  nitride  with 
agglomerate  type  seeds. 


Batch  ID 

ITOCC  90  mm 

Mean  st.  dev. 

1700"C  .30  min 

Mean  st.  dev. 

DSlOO 

SN325 

SNIOO 

DS.325 

■5.40  MPa  m*^^  0.14 

3.96  0.13 

4.11  0.11 

4.12  0.09 

3.93  MPa  m  1^2  o.l2 

summarized  in  Table  3.  A  similar  yttria  composition  without  the  inclusion  of 
seeds  had  a  typical  fracture  toughness  range  of  5.5  to  6.5  MPa  m^^*^. 


4 


4 


The  agglomerates'  effect  on  grain  development  may  not  have  been 
detected  by  toughness  measurement.  The  coarse  agglomerates  introduced 
into  the  casting  slip  may  segregate  during  forming.  An  inhomogeneous 
distribution  of  the  agglomerates  could  affect  the  measured  toughness.  This 
did  not  appear  to  be  an  issue,  based  on  the  uniform  glass  pocket  distribution 
observed  in  the  polished  sections.  The  microstructures  around  the 
agglomerates  were  examined  for  evidence  of  enhanced  grain  growth.  The 
presence  of  coarser  grains  would  suggest  that  modified  processing  to  change 
the  grain  distribution  may  improve  the  measured  toughness. 

Figure  1  is  an 
etched  micrograph  from 
batch  SNIOO.  SXlOOwas 
the  mixture  of  silicon 
nitride  and  rare  earth  plus 
silica.  The  licjuid  content 
of  the  agglomerate  was 
equal  to  the  surrounding 
matrix.  Thc'  etched 
microstructur(>  shows  ."i  to 
10  micron  wide  ansis  of 
high  gla.ss  content. 
Normally,  the 
intergranular  glass  is 
distributed  uniformly. 

The  silicon  nitride  grain 
size  distribution  was 
uniform  throughout  the 
sample.  Evidence  of  elongated  grain  growth  was  not  observed  with 


agglomerates  compo.sed  of 
erbia-yttria-silicon  nitride. 

The  disilicate  seeds 
left  glass  pocket.s  behind 
after  HlPing.  These  pockets 
were  visible  in  polished 
sections.  Figure  2  shows  the 
microstructure  around  the 
glass  pocket  for  DSd^o.  This 
silicon  nitride  had  30  w/o  of 
the  agglomerates  added. 

The  total  rare  earth  content 
was  significantly  higher 
than  the  0.0177  moles  per 
100  gms  of  powder.  The 
high  freituency  of 
agglomerates  was  added  to 
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2.  Finer  .-alieon  nitride  grains  were  found 


growing  into  the  disilicate  agglomerates  of  sample 
IhSaor, 


determine  if  any  effect  on  grain  growth  could  be  observ  ed.  Examination  of 
the  microstructures  showed  that  refinement  of  the  grains  was  observed  in  the 
regions  of  the  agglomerates.  Exaggerated  grain  growth  was  not  observed, 
and  the  presence  of  the  glass  pockets  would  degrade  the  mechanical 
performance  of  the  matenal. 

An  additional  batch  was  prepared  in  which  4  w/o  of  a  rare  earth 
agglomerate  was  added  to  silicon  nitnde  powder.  The  agglomerate  was  the 
only  sintering  additive  used.  The  agglomerates  were  -325  mesh,  and  the 
agglomerate  composition  was  Nd203-2Si02  This  modification  was 
attempted  because  t^he  earher  trials  had  additive  in  both  the  agglomerate 
and  the  matnx.  In  this  trial,  the  Nd203-2Si02  represents  all  the 
densification  additive.  The  driving  force  to  distribute  the  hquid  and 
ehnimate  the  porosity  should  be  stronger  than  in  the  prevaous  trials.  The 
matenal  was  fully  dense  after  HlPing.  Agglomerate  remnants  were  observed 
on  the  poUshed  cross  section.  These  glass  pockets  did  have  some  sdicon 
nitnde  growing  into  the  pocket,  but  the  glass  regions  would  result  m  poor 
mechanical  properties.  The  toughness  of  this  material  was  only  3  90 

MPa  m  1/2 

The  original  concept  was  that  grmn  growth  would  occur  at  the 
localized  regions  of  liquid.  The  liquid  regions  would  be  formed  by  regions 
which  were  composed  of  densification  additives  that  would  melt  at  lower 
temperatures  than  would  the  surrounding  matnx.  In  the  rare  earth  systems, 
the  maximum  temperature  difference  was  only  lOO'C  The  eutectic  hquul 
formed  at  temperatures  of  1650°C  to  1700°C.  Since  the  compositions  were  to 
have  only  the  equivalent  of  4  w/o  yttna,  the  amount  of  hquid  was  sm;ill. 
I'nder  these  conditions,  sihcon  nitride  solubihty  would  be  small,  and 
diffusion  would  be  slow.  Little  grain  growth  would  be  expected  at  the  1700  (' 
pre-HIP  sinter  step.  Time  was  not  provided  during  the  sub.sequent  MIP  cycb' 
at  temperatures  below  1800°C.  Below  1800"C,  densification  rates  are  very 
slow.  Slow  densification  increase  reaction  problems  with  the  glass 
cncapsulant.  Therefore,  a  temperature  was  reached  where  liquid  would  be 
present  throughout  the  compact.  Xo  time  is  provided  for  grain  growth  in 
local  regions  of  a  compact.  In  addition,  particle  rearrangement  occurs  rapidly 
under  30  ksi  and  closed  porosity  is  reached  rapidly. Since  the  luiuid 
composition  of  the  agglomerates  is  basically  the  intergi’anular  composition, 
there  is  no  driving  force  for  ehmination  of  the  liquid-filled  pores  In  liciuid 
[ihase  HIP  alumina,  100  to  150  micron  voids  were  shown  to  fill  with  liquid 
during  HIP.  but  were  not  eliminated/’  The  behavior  of  the  agglomerates  in 
the  HIP  silicon  nitnde  was  very  similar  The  incorporation  of  agglomerates 
reduced  toughness,  and  did  not  enhance  gram  elongation 

3: 1 .2  P-SiqX  t  Seeds  -  Sintered  silicon  nitnde  with  a  fairly  high 
amount  of  sintenng  additive  reportedly  incriMsed  toughness  with  the 
addition  of  (i  seeds.  ‘  The  seeds  were  iirejiared  by  blending  a-SiqX.j  powder 


with  2%  yttria.  The  powder  blend  was  then  heated  to  1750°C  for  4  hours, 
converting  the  powder  to  P-S13N4  whiskers.  The  P-Si3N4  was  then  milled. 
The  milled  powders  were  then  used  as  seeds  in  a  silicon  nitride  composition. 
The  densification  of  this  material  was  rapid,  and  at  temperatures  similar  to 
the  HIPed  silicon  nitride.  A  similar  approach  may  increase  the  elongation  of 
HIPed  silicon  nitride. 

The  p-Si3N4  seeds  produced  in  this  work  had  an  average  particle  size 
of  less  than  1  micron.  These  were  added  to  silicon  nitride  with  sufficient 
yttria  to  bring  the  total  to  4%  yttria.  Batches  with  5,  10  and  20  weight 
percent  of  beta  seeds  were  prepared.  In  addition,  compositions  with  other 
rare  earths  were  prepared.  The  compositions  with  P  seeds  are  listed  in  Table 
4. 


Table  4  Compositions  prepared  with  P-S13N4  seeds. 


Batch 

w/o  Seeds 

.Additive 

BS5 

5 

4w/o  vttria 

BSIO 

10 

■tw/o  vttna 

BS20 

20 

4w/o  vttria 

Sm\'bBS5 

5 

2  94  w/o  SmoO  j.  3. .42  w/o  YiioO-j 

'i'bBS.5 

5 

1  74  w/o  ATioO  j 

SmBS.a 

5 

1.5  w/o  Sm203 

The  yttria  compositions  with 
beta  seeds  had  a  toughness 
independent  of  crack  length.  The 
fracture  toughness  was  lower  than 
the  standard  monolithic  material 
at  all  beta  seed  levels.  Figure  3 
shows  the  dependence  of  fracture 
toughness  on  the  beta  seed 
content.  The  toughness  decrea.ses 
with  increasing  p  content,  up  to 
approximately  10  w/o  .seeds.  The 
toughness  appears  to  reach  a 
minimum  of  3.0  MPa  m^^-.  This  is 
similar  to  silicon  nitride  toughness 
with  low  amounts  of  additives.  The.se  microstructures  have  low  asjiect  ratios. 
Figure  4  and  Figure  5  show  the  reduced  aspect  ratio  of  the  microstructure  as 
the  seed  content  increases  from  5  to  20  w/o 
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3.2  COMPOSITION 

The  initial  composition  work  began  in  parallel  with  the  agglomerate 
seeding  task.  The  use  of  agglomerates  to  encourage  grain  growth  might  be 
affected  by  the  liquid  composition  within  the  agglomerate.  Diffusion  and/or 
solubility  may  be  enhanced 
by  controlling  the  liquid 
composition.  Changes  m 
these  parameters  could 
change  the  final  grain 
distribution.  Specifically, 
the  compositional  task 
started  by  examining  the 
role  of  the  rare  earth  to  silica 
ratio  on  the  final  properties. 

The  optimum  composition 
would  have  been 
incorporated  into  seed 
preparation.  The  effect  of 
the  rare  earth  to  silica  ratio 
was  investigated  for  two 
densification  systems,  Yttria 
was  used  as  one  densification 
additive.  An  equimolar 
mixture  of  ytterbia  and  samaria  was  the  second  additive  system.  The  rare 
earth  to  silica  ratio  was  varied  from  0.1  to  0.35.  Room  temperature  strength 
as  a  function  of  rare  earth  content  is  plotted  in  Figure  6.  Strength  decreases 
with  increasing  silica  content. 

A  similar  trend  is  observed 
with  fracture  toughness  in 
Figure  7,  The  mixed  rare 
earth  had  higher  fracture 
toughness  than  yttria  alone. 

The  effect  of  rare  earth 
on  grain  morphology  and 
fracture  toughness  was 
expanded.  The  compositions 
are  summarized  in  Table  2. 

Some  densification  additives 
included  additional  silica.  The 
silica  on  the  nitride  surfaces 
plus  the  added  silica,  was 
sufficient  to  make  the  rare 
earth  to  silica  molar  ratio 
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Figure  6.  Strength  dependence  on  silica  content  for 
samaria-ytterbia  Room  Temperature  strength 
decreases  with  increasing  silica  content  The  error 
bars  are  a  95  %  confidence  interval. 
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earth  to  silica  molar  ratio  equal  to  the  rare  earth  disihcate.  Data  for  all  the 
systems  are  not  available  because  numerous  tile  were  not  dense  due  to 
encapsulation  failure.  Additional  tile  were  not  HIPed,  because  the  binary 
rare  earths  may  offer  10  to  30%  improvements  in  toughness,  but  would  not 
achieve  the  program  goals  alone. 

The  fracture  toughnesses  are  compared  in  Figure  8.  The  compositions 
with  a  asterisk  are  the  average  of  two  HIP  runs.  The  compositions  plotted  in 
Figure  8  were  prepared  with  added  silica.  The  binary  rare  earth  systems 
have  shghtly  higher  toughnesses  than  do  sUicon  nitride  HIPed  with  yttna 
and  sihca.  Other  single  rare  earth  oxides  were  not  prepared. 


SMYb 


Y203 
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C  La35YS* 
<0 
u 

£  Er59YS 


NdSOY* 
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NdSOYbS  J 

5.00  5.20  5.40  5.60  5.80  6.00  6.20  6.4 

Fracture  Toughness 

Kiiiun?  8  Binary  raro  earth  systems  yield  increased  toughness  compared  to  yitria 


The  microstructures 
were  characterized  and 
correlated  to  the  fracture 
toughness.  The  grain 
thickness  was  measured 
from  lOKX  micrographs. 
Figure  9  is  a  lognormal 
plot  of  the  grain  thickness 
distributions  The  hnear 
relationship  of  the  data  is 
evidence  that  the 
lognormal  distribution  is  a 
good  description  of  the 
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distribution.  The  similarity  of  the  slopes  indicates  that  the  grain  thickness 
distribution  width  is  similar.  The  binary  rare  earth  systems  yielded  a 
smaller  grain  size  than  the  yttria.  The  starting  particle  size  was  equivalent, 
and  would  not  account  for  differences  in  the  final  grain  size.  Some 
explanation  is  found  by  looking  at  the  phases  present  after  HIPing.  The  a- 
S13N4  content  for  the  mixed  rare  earths  is  shown  in  Table  5.  The  yttria 
composition  had  11%  a-Si3N4  after  HIPing.  Less  transformation  will  result 
in  the  finer  grain  size.  In  Figure  9,  the  coarse  end  of  all  distributions  is  very 
similar.  The  binary  rare  earths  have  a  finer  tail  caused  by  the  fine  p  and  <x 
grains  that  have  not  yet  reprecipitated  on  the  larger  p  grains,  although  it  is 
not  clear  by  what  mechanism  the  transformation  rate  is  reduced  in  the 
presence  of  the  binary  rare  earth  systems.  The  rare  earths  forming  the 
mixture  did  not  seem  to  affect  the  grain  size  after  the  standard  HIP  cycle. 
The  extent  of  the  a  to  p  transformation  was  also  similar. 


« 


Table  H.  Diffraction  analysis  of  binary  rare  earths  after  stand,xrd  HIP  cvcle. 


oxy 

alpha 

beta 

phase 

rel  int 

NdSO'r'bS 

3.72% 

30.84% 

65  44% 

Nd.,Si.>OT 

3.3 

alpha 

LadO’V'bS 

2.24% 

33.23% 

64  53% 

NdSOY 

2.50% 

27.29% 

70  21% 

Er59YS 

2.13% 

30  38% 

67.48% 

Y9S10O7 

2.3 

La35YS 

2  04% 

35.02% 

62.94% 

EroOYS 

2.20% 

26.74% 

71.06% 

YoSioOv 

2.5 

The  grain  thickness  of  the  HIP  silicon  nitrides  with  binary  rare  earths  are 
very  similar  and  finer  than  the  yttria  composition,  but  all  the  materials  are 
relatively  fine  grained  with  a  very  small  percentage  of  grains  greater  than 
one  micron.  Current  theories  on  toughening  in  silicon  nitride  indicate  that 
crack  bridging  is  a  factor  primarily  with  grain  thicknesses  of  over  1  micron. 
Since  these  HIP  materials  are  very  fine  grained,  the  increased  toughnesses 
are  probably  due  to  crack  deflection  mechanisms.  Toughness  changes  should 
depend  on  differences  in  the  aspect  ratio  or  frequency  of  elongated  grains  in 
the  mixed  rare  earth  systems.  The  estimated  aspect  ratios  are  plotted  as  a 
function  of  grain  thickness  for  two  binary  rare  earth  systems  in  Figure  10. 
The  aspect  ratio  appears  to  reach  an  asymptotic  value  of  4  as  the  diameter 
increases.  The  same  value  was  suggested  by  Mitomol  as  the  equilibrium  p 
aspect  ratio.  The  highest  aspect  ratios  are  found  for  grains  less  than  0.6 
microns.  As  the  thickness  increases,  the  maximum  aspect  ratio  decreases. 
This  trend  was  observed  for  all  the  HIPed  compositions.  Comparison  of  the 
aspect  ratio  between  materials  was  not  considered,  because  of  the 
uncertainty  of  measuring  the  aspect  ratio  from  a  2-D  image  and  the  small 
sample  size  for  each  material.  The  toughening  mechanism  for  small 
diameter,  high  aspect  ratio  grains  is  expected  to  be  crack  deflection.  In  crack 


Figure  10.  Dependence  of  aspect  ratio  on  grain  thickness. 


deflection  models®  toughness  is  dependent  on  the  frequency  of  the  high 
aspect  ratio  grains. 

The  dependence  of  aspect  frequency  on  toughness  was  evaluated.  A 
linear  density  of  grains  with  an  aspect  greater  than  four  was  determined  for 
each  sample.  The  linear  density  is  defined  as  the  number  of  grains  with  an 
aspect  greater  than  4,  divided  by  the  total  line  length  traversed  across  the 
micrographs.  Figure  11  shows  an  increasing  toughness  with  a  higher  linear 
density  for  the  different  rare  earth  systems.  Silicon  nitride  with  two  rare 
earths  had  a  higher  frequency  of  high  aspect  grains  than  yttria  The 
toughness  range  of  6.0  to 
6.5  MPa  m  1^2  is  very  good  >2«oo  .  _ 

for  a  HIP  silicon  nitride.  loooo .  .  ..  .. 

but  a  crack  deflection 

.  0000  .  .  .  ^  . 
mechanism  in  HIP  silicon  s 

nitride  may  not  be  able  to  ^  eooo .  _  .  .  _ 

provide  toughness  5  woo  .  . 

approaching  or  exceeding  ^oo . 

8  MPa-ml^2  Toughness 

exceeding  8  MPa  m^'^  55  ss  57  ss  so  o  st  or  sj 

would  probably  require  T<»igi»«.ii»>imM2i 

increased  contribution  Figure  11  Toughness  Increases  with  the  frequency  of  high 

from  crack  bridging  aspect  grains _ 

mechanisms.  This  should 

lead  to  R-curve  behavior  in  the  HIP  silicon  nitride.  Experimental  thermal 
treatments  that  might  favor  the  development  of  high  aspect  ratio  grains  with 
thicknesses  of  one  micron  or  greater  were  then  conducted. 


3.3  Thermal  Treatments 
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Typically,  the  high  toughness  silicon  nitrides  have  large,  high  aspect 
ratio  grains.  The  development  of  these  grains  is  due  to  secondary  grain 
growth  from  large  P  nuclei  at  high  temperatures.  The  pre-HIP  sinter 
conditions  did  not  form  large  beta  grains  because  of  the  low  temperatures 
and  short  times.  The  insitu  seeding  with  agglomerates  failed  to  increase  the 
silicon  nitride  aspect  ratio.  Also,  the  HIP  temperature  may  be  too  low  for 
secondaiy  grain  growth  if  large  beta  nuclei  were  present.  Thermal 
treatments  examined  two  factors  with  the  HIP  silicon  nitride  that  may 
encourage  the  development  of  elongated  grains:  first,  increased  temperature 
that  would  increase  diffusion  rates  and  may  allow  larger  grains  already 
present  in  the  matrix  to  grow,  consuming  smaller  grains;  second.  th(>  use  of 
high  temperatures  in  a  pre-HIP  sinter  cycle  that  would  form  large  beta 
crv'stals.  Then,  during  a  standard  HIP  cycle,  the  large  beta  grains  would 
grow  rapidly,  at  the  expense  of  smaller  grains  surrounding  them. 

The  compositions  subjected  to  a  post-HIP  heat  treatment  are  listed  m 
Table  6  These  tile  had  already  been  HIPed  to  full  density.  Since  the  tile 
were  dense,  the  post-HIP  treatment  was  done  without  glass  encapsulation 
The  tile  were  covered  with  silicon  nitride  powder.  These  trials  would 
determine  the  extent  of  grain  coarsening  and  the  potential  effects  on 
toughness  during  high  temperature  HIPing.  Figure  12  and  Figure  13  show 
the  microstructural  coarsening  that  occurred  during  the  post-HIP  tri'atment 


at  21oO®C  for  NdoOYS. 

_TableJi_^numnar\jifcom£ositionsjTeat_treatedjUjinc_ofthr£ej)osrHJPa^^ 
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Figure  12  Micro.structure  of  Nd.50YS  after  stand.irfl 
HIP 
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A  third  trial  was  done  at  1840°C  for  an  extended  time  of  three  hours  with 
composition  ErSm.  Because  the  temperature  was  relatively  low,  significant 
grain  coarsening  and  R-curve  behavior  were  not  expected.  The  plot  of  load 
versus  strength  is  shown  in  Figure  17.  The  slope  of  -0.26  is  less  than  -1/3, 
indicating  crack  length  dependent  toughness.  NdSOYbS,  one  of  the  binary 
rare  earths  HIP  at  1840  for  60  minutes,  is  included  in  Figure  17  for 
comparasion.  Nd50\l)S  does  not  exhibit  crack  length  dependent  toughness. 
Toughness  as  a  function  of  crack  lenght  for  ErSm  was  estimated  using  the 
method  described  by  Krause.^  Improved  techniques  are  available,®  but  these 


were  beyond  the  scope  of  the  present  work.  The  crack  dependent  toughness 
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Figure  18  Toughness  as  a  function  of  crack 
length  for  ErSm 


for  ErSm  is  shown  in  Figure  18.  The  maximum  toughness  approaches  1 1 
MPa  mf^2  at  crack  lengths  of  600  microns  to  800  microns.  The  grain 


distribution  of  ErSm  after  a  total  of  4  hours  at  1840°C  is  compared  to 
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La40YbS  and  Y4SA  densified  at 
1840°C  for  60  minutes  in  Figure 
19.  The  ErSm  grain  distribution 
is  wider,  based  on  the  reduced 
slope  of  the  grain  distribution  in 
Figure  19  The  ErSm  has  a 
significant  population  of  grains 
with  a  thickness  of  1  micron  or 
greater,  which  would  favor 
toughening  by  grain  bridging 
mechanisms.  The  apparent  aspect 
ratio  is  compared  to  LadO^TiS  in 
Figure  20.  A  significant  number 
of  grains  with  a  thickness  of  1 
micron  or  greater  developed 
modest  aspect  ratios  in  ErSm. 

Fine  grains  with  high  aspect  ratios 
were  also  observed.  The 

microstructural  changes  observed  support  the  presence  of  R-curve  behavior 
in  ErSm. 

A  second  cycle  was  run  at 
1840°C  for  five  hours  with 
compositions  SmBS,  NdYb,  'YbBS 
and  ErSm.  Including  the  original 
HIP  densification  cycle,  the  total 
time  at  1840°C  was  6  hours. 

Based  on  the  dependence  of 
strength  on  indent  load,  both  rare 
earth  mixtures  exhibited  R-curve 
behavior.  Only  the  samaria 
composition  with  p  seeds 
exhibited  R-curve.  Figure  2 1 
shows  the  dependence  of  strength 
on  indent  load.  The  dependence 
of  toughness  on  crack  length  for 
NdYb  and  ErSm  after  postHIP 
HIP  IS  shown  in  Figure  22.  The 
maximum  toughness  is  shghtly 
lower  than  observed  with  the  3  hour  soak  in  Figure  18.  The  reduced 
dependence  of  toughness  on  crack  length  is  expected  to  be  due  to  continuing 
grain  coarsening  and  loss  of  the  fine  high  aspect  ratio  grains.  Microstructure 
analysis  of  these  materials  was  not  completed. 
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An  alternative  method  to  physically  adding  seeds  to  the  powder  is  beta 
nuclei  formation  during  thermal  treatments.  Two  attempts  were  made  at  0 

pre-HIP  sintering  tile  at  2000°C  for  30  minutes.  Characterization  of  the 
materials  after  the  pre-HIP  sinter  cycle  was  not  completed.  Density  after 
sintering  was  less  than  85%.  Additionally,  pre-HIP  sinter  conditions  were 
not  evaluated.  The  tile  were  then  HIPed  at  1840'’C  for  60  minutes.  The  first 
trial  successfully  densified  the  tile,  but  the  second  trial  did  not.  Loss  of  • 

encapsulation  is  the  expected  cau.se.  The  presintered  tile  are  probably  more 
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difficult  to  densify  as  they 
take  longer  to  reach  closed 
porosity,  and  the  chance  of 
encapsulation  failure  is 
higher.  The  materials  that 
did  densify  were  tested  for  R- 
curve.  Two  compositions 
contained  beta  seeds,  and 
three  did  not.  The 
composition  with  10  w/o 
seeds  did  not  exhibit  R- 
curve.  Four  of  the 
compositions  did  exhibit  R- 
curve  behavior,  as  shown  in 
Figure  23.  During  the  pre- 
HIP  sinter  cycle,  appreciable 
transformation  is  expected 
along  with  grain  coarsening.  The  average  grain  size  after  the  pre-HIP  sinter 
and  HIP  is  expected  to  be  larger  than  a  silicon  nitride  that  was  HIPod  only. 
The  average  aspect  ratio  is  probably  lower  than  the  HlPed  materials,  The 
pre-HIP  sinter  step  at  2000°C  probably  coarsened  the  microstructuro 
sufficiently  to  eliminate  the  fine  high  aspect  beta  grains  observed  after 
densification  in  the  HIP.  The  microstructure  was  not  characterized  to 
determine  whether  these  changes  could  be  observed. 

3.4  High  Temperature  Behavior 

A  secondary  objective  of  the  program  was  to  maintain  the  high 
temperature  properties  of  the  silicon  nitride  with  increa.sed  toughness.  The 
creep  behavior  would  be  influenced  by  the  glass  composition  and  grain  size. 
The  high  temperature  strength  and  creep  behavior  ofyttria  densified  silicon 
nitride  and  samaria-ytterbia  densified  silicon  nitride  were  compared. 

The  high  temperature  strengths  of  the  samaria-ytterbia  densified 
silicon  nitrides  exhibited  a  minimum  at  a  rare  earth  to  silica  ratio  of  0.17,  as 
seen  in  Figure  24.  The  strengths  were  low  as  compared  to  NT154  which 
averages  80  to  90  ksi  at  1370°C.  The  mixed  rare  earths  did  not  show  .any 
evidence  that  crystallization  of  the  intergranular  phase  had  occurred  during 
HIP.  In  NT154,  some  fraction  of  the  intergranular  phase  crystallizes  during 
the  HIP  cycle.  The  difference  in  the  extent  of  crystallization  may  account  for 
the  lower  strength  of  the  samaria-ytterbia  densified  silicon  nitride.  The 
yttria-silica  compositions,  while  stronger  than  the  samaria-ytterbia,  had 
strengths  lower  than  NT154.  The  high  temperature  strength  for  the  yttria- 
silica  series  is  shown  in  Figure  25.  The  compositions  prepared  in  this  work 
have  a  lower  surface  area.  NT154  has  an  additional  process  step  that 
improves  high  temperature  properties.  This  step  was  not  followed  in  this 
program. 
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Figure  23  The  compositions  with  no  seed.s  or  .")%  seeds 
showed  evidence  of  R-cinrve 
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1370  C 
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Fiirure  34  The  hieh  temperature  streneth  has 
an  apparent  minimum  at  a  rare  earth  to  silica 
ratio  of  0  1 7  The  error  bars  are  a  95% 
confidence  intenal 


The  difference  in  intergranular  crystallization  should  be  expected  to 
affect  the  relative  creep  behavior  of  the  mixed  rare  earth  densified  silicon 
nitnde.  Compressive  creep  tests  were  conducted  at  ISTO^C.  All  samples 
exhibited  primary  creep,  followed  by  a  secondary  or  steady  state  creep 
regime  Figure  26  is  an  example  of  a  strain-time  plot.  The  plot  shows  the 
strain  with  time  between  each  adjacent  flag;  1  to  2.  2  to  3  and  3  to  4  The 
overall  strain,  shown  between  Flags  1  to  4,  would  be  expected  to  fall  at  a 
value  intermediate  to  the  other  three  measurements  All  tests  were 
suspended  between  100  to  200  hours  The  steady  state  creep  rates  for  the 
samaria-ytterbia  and  the  yttna  series  are  compared  in  Figure  27.  The  steady 
state  creep  rates  were  very  similar  until  the  highest  sdica  content.  The 
samaria-ytterbia  at  the  highest  silica  content  has  a  creep  rate  much  higher 
the  samaria-ytterbia  with  lower  silica,  or  any  of  the  yttna-silica  densified 
silicon  nitnde.  Additional  testing  must  be  done  to  confirm  these  trends,  but 
the  important  conclusion  is  that  the  creep  rate  is  not  drastically  increased  by 
the  alternate  rare  earths. 
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